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I INTRODUCTION

Th ’  Nac4~ewt Ba’i~ot Vetect_~omi Sy6tem (NBVS ) fl e t’-~e5 on p ’LOCQA~~~n~
i ’p tc ~ O~ puL~e .~ ~wnm abv ,’e gfl c lund nuc~eait weapon de ona_ t-~on4 to pk i-
V4 C~~ (rr~o~unat,urn to batt~e~~eid eommnande’t4 . The ~y~ tern pe~&~ço’unance
need,~ tc be -~u’~~ed mi.vrden. ke ‘ t ~ic condLti~c rm o o~ a no~phvm~c t’~an4 -
patenqf , c ’oud ~e ec0t~on4 , cu’id te~nAa~n ~o Ima dow~Ln9 . A keeen0t-1~y det’ e~-op ed conc ep-t son. a the ochem~eeo1 ~to~h gen~JLatO’L app ea ~t.~ to o~~eA
pkomi~ e ~o’r. a ~~e1dab~e 4owtce. The p’uina.iuj pwLpo~ e o~ thL~ kepofl_ t
{.~~ to eva-&La~te the po ten~t~aL ~o~t a ~ow eo~t, ke.Uab-~e NBVS -text ~oy ~tem .

1.1 Rationale

In order to equip batt lef ield commanders with information
on the times and locations of nuclear weapon detonations in wartime
situations , a Nuclear Burst Detection System has been developed that
relies on (among other signals) the optical pulse signature of an air
burst weapon. This report is concerned solely with the optical
portion of the NBDS , and the desire to provide an optical source that
wil l  trigger and test the system over a wide range of real ist ic con-
diti ons . Such cons id era ti ons as the opti cal pulse r i set ime , width
and i ntens i ty obse rved by the opti cal detec tors in an HBDS are prima ri ly
functions of weapon yield , height of burst , range and direction. They
w i l l  be mod i f ied , perhaps seriously, by atmospheric transparency , cloud
shadowing and/or secondary reflections, terrain shadowing and reflec-
t i ons , and the effects of weather (haze , r a i n , fog, etc. ). Lightning
discharges (particularly the rare super—lightning ty~e) milay provide

fa lse triggers. A system test with simulated nuclear pulses would
resolve areas of uncertainty in NBDS response . It is the purpose of
this work (drawing on recent experimental data on optical f lash
generators ) to calculate the theoretical conditions required for a
valid NBDS test. Furthermo re , test system configurations of l ikely
use in NBDS validation are recommended.

1.2 Optical Flash Sources

A source for the NBDS tests requires very high brightness

in the pass band (v is ible and near IR), reasonably wide angular diver-
gence , and control lable risetime and duration. These conditions

5 
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may rule out a number of conventional choices (e.g. lasers). Recently

Sc ience App li cat i ons , Inc. (sAl) has completed an initial development
p rogram for a lar ge sc a le o pti cal flash genera tor base d on hig h temper-
ature thermochemica l reactions .’’2 Tests of a f iel d p roven low cost unit
of lO~ watts peak power and above 10

8 joules of opti cal energy have
raised the possibility of use of this device for NBDS validati on . In

this report an assessment of the potential of themochernical reactions
as a source of optical test pulses for the NBDS is iade.

Dev elo pment of the thermochem i cal opt ical flas h generator prior
to thi s work concen tra ted on the as pects of one speci f ic reaction , that

of aluminum oxidation at high tempera tures . Initi al theoret i cal research
had isolated metal l ic oxidizat ion as a potential source of large scale
optical flash output. The temperature of such a radiating system is
limited on the upper side by the vaporization temperature of the metall ic
oxide. Alumina (A 1 2O 3 ) with a vaporization temperature of around 3800°K
(see Appendix) would al low radiation fl uxes of about 200 ca l/ cm 2sec i f  a

sufficiently optical ly thick cloud of Al and 02 can be created and ignited
at high temperature forming A1 2O 3 nea r the vaporization point. Al uminum
is read’~ y avai lable in various finely divided forms ,is inexpensive and is
non-toxic. Thus , previous work proceeded to ascertain the experimental
detai ls of a practical generator. A series of about 50 tests were performed
in 1976 and reported by Cockayne et al. 1 Later a s e r i e s  of over 100
thermochemical reaction test firings were conducted in a continuing develop-
ment series 2. These an d open li terature sources on thermochemical
reaction tests form a basis for theoretical development of the app l icat i on
to NBDS validation.

1.3 Approach

The usefulness of any optical source for NBDS testing depends C

on the tr igger requirements set by the sensor system and on the objec-
t ives set for system val idat ion . The approach in this report wi l l  be
to review and relate the NBDS requirements for the optica l output of

6 
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both nuclear and thermochemical devices. To do this , development of the
expected output of large scale thermochemical reactions will be inferred
as scaling laws based on data.

In summa ry the key issu es to resolve are these:

1) Does the thermochemical generator provide a
trigger for the NBDS?

2) What are the basic equations that describe
the ther mochemical generator output?

3) Are there alterna te schemes of calibration
that holu promi se?

The purpose of this report is to answer these questions.

7
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II OPTICAL OUTPUT OF NUCLEAR WEAPONS AND NBDS RESPONSE PARAMETERS

T ( m~ ~~ ~ c r & ’ l U  t i .nm t I~’ C( ( ‘tL)( t ’l ~ t HLI C ~‘ CCt~I ‘c J ) mL~ ro -L~ be pa_ ta—
~~~~ 

(~ < :~‘d m ’( ’ ’t S rL~ I { O ~ I1 , ~armq ~’ ~n i he~ cj (Lt i ’ ~~ bu-~o t. T I i r 5 e  p ’medA_ cti.~obvs
~C( t bi~’ C I f l  t ’ra~t t~’d ~‘r t im t ime ’ ~‘x ~:iC t 1 ’d t~ q q r  ~ ~equ~’ten~e r i t ~ o~ -the NSVS
.St f~t t c ’

11. 1 Nuclear Weapon Optical Output

The fi rs t task of the re por ted work requi re s a charac ter i z a-
tion of the optical (thermal) wave forms of nuclear bursts. It is
well know n that airbur st nuclear weapons have a unique optical

signature consisting of a fi rst rapid pulse followed by a slower
and much longer pul se. The time of the peak of the fi rst pulse is

~lmax ’ similarl y t2fl]ax i s the t ime of the se con d peak , an d t
m

i ~s the
time from initiation to the minimum between pulses. The most genera l

review of nuclear phenomono logy - that of Glas stone - quotes the follow-

ing relationships for the thermal output: 3

II .A. 
~max = 4W~ cal/sec

II .B. Et0t 
= W/3

1I .C . t .  = 2.5W msec

II .D. t = 32 W 2 msec2max

where W is the weapon y ield in KT (1KT = io12 cal ). The first pulse

contains approximately 1 percent of the total therma l output. Figure 1

is taken from Reference 3 and contains details of the normalized pulse

shape (second maximum only) and total output for various yields .

In order to calculate flux (Q) and fluence (Q) at a distant

point , ground range R from a burst of H height , we need additional

formulas; they are :

8
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8 2
= 

14 10 (Ca l/ cm
l2n (H2+R2~

= 
W 108 (Cal/cm 2 sec)
~~ (H’+R2)

No atmospheric trm ns rn iss ion loss is included in these formulae.
Additional estimates of the time spectrum have been obtained from
Reference 4. Figure 2 shows an example of one of these and , Table 1,
a compilation of pertinent data at severa l yields. Figures 3 and 4
summarize the tmin and t2max calculation (Table 1) and formula of Ref-
erence 3.

C 
11 .2 NBDS Operation

Optical pulses are detected by a Si based detector whose response
function is shown in the accompanyi ng figure (Figure 5). There are four
real time hardware discrimin ants that determine whether an event is
likely to be a nuclear event and which , therefore , trigger the retention
of 0.32 msec of data in the NBDS memory , accumu lation of additiona l data ,
and activation of the microprocessor discriminant analysis. These
discriminants are listed bel ow .

Real Time Discrimina nts

1) VHF Negative Pulse exceeding a specific threshold 5 v/rn
2) VHF Arrival within 1 millisecond of optical trigger

3) Optical signal trigger level >6.3 x 10~~ watts/cm
2

4) Optical rate of rise >2.1 x lO~~ watts/crn
2/sec

The first two of the real time discriminants are electromagnetic
pulse discriminants which are not relevant to our problem. The last
two m~rely indicate a significant increase above an ambient light thres-

hold 3nd a rate of rise consistent with , but not exclusively associated
with , a nuclear event.

1(1 
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Microprocessor Discri niinants

1) F i rs t  sample P6.3  x 1O~~ wat ts /c m 2

2) t 1~~ 
L6 insec

3) time of (first rnax/6.25 )> 0.5 msec

4) 5 t
lIIFdX 

t .  - 70 t 1

~) 4 t - - t - 20 t -
11F1 fl 2IIax 1111 n

6)  t~~ 199 rnsec

7) W i d t h  of  iin n < 8 t V C
Inn

8) 88 of the 264 samples before 100 nisec -
~ 

tima x/€ 25
9) Flat long dura tion first peak pulses are rejected
10) First max > avg. amplitud e of up to 128 samples
11) Second niax ~

- 6.25 mm amplit ude
12) First ten samples after second niax 

~
- second max (6.25/3)

The first of the microprocessor discriminants is presently

s edundant but could be varied to exclude low yield , distant bursts

from further consideration . The second is a check on the rise ti m e

of the first maximum which is applicabl e to all normal yields. The

third is actually performed by checking that the am plitude of the pulse

at 0.5 msec is greater than 1/6.25 of the fi rst maximum . (The factor

6.25 is equivalent to the difference between any consecutive 32 analog

to digital conversion steps in the sensitivity range of the instrument

and is used by the microp rocessor as a consistent figure for measuring

amplitude variations.) If this is the case then the first maximum has

not formed by 0.5 nisec and consequently the first maximum is broader

than this value . The fourth and fifth determine the arrival times of

the minimum and second maximum in terms , ultimately, of the width of

the first maximu m and are consistent with all yields w ithin the range

of 0.1 KT to 1 MT . The sixth is satisfied by all norma l yields and is

an absolute check on the arrival time of the minimum rather than one

related to the first peak arrival time (timax ) as in the fourth . The

seventh and eight are related to the shape of the first pulse. The

eighth says speci fically that a third of the registers covering the

first 100 msec (not a third of the time because the register time

16
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interval is not constant) have amplitudes within the first thirty -two

range sensitivity steps below the firs t maximum value and serves as a

check that the first peak is not too irregular in shape. The seventh

specifically checks that fewer than 36 of the registers before 100 msec

are within any one sensitivity range which would make the pulse too flat.

The ninth specifies that the second peak must start before 1800 msec

(time sample ~396) whereas discri rn inants 5 and 6 would spec i fy that

the second pea k must occur before 2000 mnsec . The ninth would therefore

appear to be redundant at present but , as with the first , coul d be
modified to increase the NBDS discriminant capability in the future.

While the eighth insures that the first pulse had a significant number

of registers with an acceptable amplitude, the tenth checks that the

pulse is also not too uniform or flat. The eleventh and twelth are

designed to exclude lightning flashes which have a smaller second

max imum in relation to the first maximum than a nuclear burst and ,

due to the elongated geometry of the source , coo l rapidly to provide

a nar row secon d pu lse .

The determination of whether or not the burst is a ground burst

is based on the definition of a ground bu rs t as one whose fireball

i nterce pt s the surface of the ea rt h. Suc h an occurrence has at leas t
two effects. First, the fireball will cool more rapidly as it heats

the groun d and secon d , the fireball w i ll never reac h a seco n d max imum
as high as it otherwise would. These two points are addressed by the

Ground Burst Discrim inants

1) t2max < 9.5916 x t~~
and/or

2) Second max 1.8018 x First max

17
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III OPTICAL PULSE SIM ULATION TECHNI QU ES

SCll mmt ~~~t L ~ m t ’ c hmm ~quc ’ ~ base d L I i  ~he mociiem~c~~ gene~~to~~st ’~ C C  L~ 1~~ CCL~ ~ cd . T im ( ’ - ’~c t~ca~’ a-~gwne~t-to ~~~~~ thsy ~ene~ta.-~ -ocaLivig
~~~~~~~~ 
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rut~~t t ~mii d ti~,)mc dtt -~a tt  e U  1’ ~ the ~~1L~ ~ e ca’m be vcvt-~ ed m~’~ th~ m t ni-L-t~Cs ’~i ~~~ t~ m& t im e ’t lie ~ ‘~~ c~.5 -~I iu~e tlLaVt ~-~a4h £~wnp~s aL6 c’ ho-e d
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—

• Op t . cat  cHM ctbl c enmen t c’ ~ the O LttpL1~t C’ ~ ~~tiJ cmmmU ~ d~) tect~Lona~
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111 .1 General Background

No device exists at present that has been used success-

fully to simulate nuclear pulses to NBDS detectors , althou gh
accidental triggering of NBDS due to naturally occurring “super—

lightning ” has been re ported . T he use of a thermochem i cal generator
based on a metal l ic oxidizat ion reaction has been proposed as a
calibration technique . A brief review of its operation will be

presented . Consider the metal l ic oxidizat ion reaction:

Fl + a02 ~~ 
tlO

2a 
+ heat

The highest final temperature practically obtainable due

to th is reaction is that of the vaporization temperature (Tr) of
the oxide MO2a~ 

since above this temperature latent heat effects
woul d dominate. Experience has shown that if the reaction can be

initiated either at Tr or the l ower melting point temperature it will

sel f-sustain at Tr~ 
A thermochemical flash generator is most radiation

efficient when there is a large surface to volume ratio , a high tempera-

ture Tr~ 
and a sufficient optical density of the reaction products. Thus

a system of metallic dust or fine wires mixed with oxygen , and ignited

simultaneously at many locations is preferred .

The ini tial energy is su pplie d in chem i cal form by the
fuel (M and 02). The optical fluence is then proportional to W ,

the we ig ht of t~,if sufficient 02 for reaction is assumed . The

18 V



— V ,V. V V.V. •  -V.-  
~~~~~~~~~~~~~~~~~~ —~~ --— - -V. -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ V~~_V.V~ V. ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —1

optical flux per unit a rea of the reacting system (a f i rebal l)  is
governed by the blackbody equation if the system is optically thick.

4*Thus total radiant heat loss is proport ional to T and area. If T
is constrained to Tr a then the total flux of radiation , Q, is proportional
to the square of the sys tem ra di us . If the fuel consum pt ion ra te exce e ds
the ability of the system to radiate , the system wil l  expand ,losing
energy proportional to the time rate of change of the radius. When
radiation equilibrium is establ ished the volumetric expansion wi l l
cease although the apparent size may increase due to buoyancy effects
and local turbulence at the fireball edge.

Since the energy loss in expansion is proportional to volume
it can be stated that the stabilized fireball radius will be pro-

port i onal to W~
”3 . Consequently, s i nce Q i s propor tional to W , and

to area (~ W 2”3 ), the character ist ic time <t> of the optical output
is p roportional to W~

’3, assum i ng a constant rad iation temperature ,

optically dense reaction products , and ignition and burning times

less than the characteristic time .

Two di stinct types of thermoc hem i cal genera ti on schemes are
possible. The entire amount of fuel (Fl + 02) may be ignited at once ,

or M may be metered into the 02 volume af ter initi al igni t ion . Recall
that fri is in the form of a fine powder , facilitating its injection .

In the latter case the additional fuel wi l l  have varying effects ,
instantaneous flux wi l l  be lower due to the absor pti on of ener gy
in raisin g the fuel to igni tion temperature ; however , the react i on
time may be lengthened arbitrarily , and the expansion of the fireball

controlled by the proper metering of fuel .

In summa ry the key considerations for a ther mochemical
generator are :

• Choice of the metal l ic system 
~
10 2a on the bas is  of evo lved

heat and vaporization temperature

• Choice of the scale of the reaction W

• Choice of the metering rat€ of fuel , including ignition
of al l fuel at initiation.

*A si l icon dector response cutoff at 1.1 ~m causes a loss of the infra —
red ta il so that T5 is a better estima te of the detected or passed power.
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The investigation of the reaction system wi ll follow these considerations .

A review of selected thern mochem ical reactants was made in Reference
1 and is reported in Tabl e 2.

1 1 1 .2 Commm parison of Thermochemical Pulse Wi th Nuclear Pulse

Reference 1 reports on the current status of the SAl developed
ther mim oche mu ica l generator. The following are typical parameters for the
largest unit fielded as of March 1977:

~max = 10~ watts 
= 2.4 x io8 cal /sec III.A

Et tai 
= 1.1 x 10~ cal III .B

t 10 to 50 msec III.C

Assuming an isotropic radiation distribution the sensor must be at a

range of no greater than 224 km to satisfy microprocessor discriminant

number 1. The “genera tor ” has no first maximum , of course; and , thus ,

the other cr iteria cannot be met at present with a single unit. With a

single reaction the pulse shape of a typical unit will simulate that of

the second maximum of a small yield device , or tha t  of the fi rs t max imum
of a large yield device.

Leavin g asi de quest i ons of the dou b le pulse dev i ce , we wish to

est i mate the “nuclear equivalence ” of the pulse. Firs t , le t us assume
the pi.Al se is the main or second pulse. A typical thermochemical pulse

is of 10 to 50 msec dura t ion to peak , w it h t he sha pe con trolla b le to
some extent. Inver ti ng the fam i liar relat i onsh ip

t = 32 W(KT)~
’2 msec III .Dmax

20 
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T a b l e  2

Ener gy Release of Selected Thern mocheim iical

Reac ti on M i x tures

APPROXIMAT E
FLAME

HEAT OF REACTION TEMPERATURE

COF-1POSITION PARTICLE kcal/g cal/ccO 2 (°K)

Sol id-Gas
Al + 02 A 1 2O 3 7 4 a 11.1 3900

Zr + 02 Zr0 2 2 9 a 10.8 4400

Mg + 02 MgO 5 9 a 12.0 3100

Fe + 02 FeD , Fe 304 1 6 a 5.6 -

Ti + 02 TiO 2 4 7 a 
—

Be + 02 BeO 1 5 9 a 11.9 -

B + 02 B203 1 4 0 a 8.4 -

Gaseous
Al (CH 3 ) 3 + 02 A 1 2O 3 - 4.6 -

Propane + 02 
— — ~~~~ —

Sol id  bAl + LiC~O4 A 1 2O 3 3.0 7 ,655 3900

aBased on weight of metal fuel .
bsolj d  mixture , cal/ cc.
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and solving for W yields:

t (rmmsec ) 2

W(KT)  = -- -
~
--

~
-—--——- - III .E

W = 0.1 to 2.4 KT
fom - the range of 

~~~ 
specified by III.C.

Another method of calculating the yield would be to note that ,

of the i012 cal/KT released by a nuclear device, a third of the energy

is typically therma l and most of this (>0.95) appears in the second

pulse. Then III.B leads to:

W = 3 x 1O 5KT.

Finally, the relation between the pea k fl ux for the second
maximum and fluence is:

~max ~ ~ io
12 W 112 cal III .F

and using III. A we find

~~ io 8 KT

Th us, the pulse width, peak power , and total energy of the

optical output of the simulator are not consistent yield indicators

for a nuclear weapon. Yield equival ents , depending on method of calcu-

lation , range from 2 x 1O~~ KT to 2.4 KT. Methods of enhancement that

direct more fl ux toward the sensor than that obtained from a radiating

fireball would be required to bring these values into synchronism.

Additional tailoring of the pulse shape niay also be required to simul-

taneously match the constraints if such consistency is to be demanded

by an NBDS system.

On the othe r han d , if we assume the simulator is employed for

the first maximum then :

~1max ~ ~ x 10~~ Wi’2 III.G

t .  = 2.5 x ~~~~~~~~ t~
”2 III .H

t lmax 
= 2 x ~~~ W ’~

4 III .J

and are appropr iate for use with the information in III .A and III .C.

22
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We then obtain

W x 1O~~ KI

W 2500 KT

an d W~~ 1O’~ KT

respectively. And we once again find a range of values for W which
covers almost a factor of 10

g
.

The overall conclusion is that a source for a supplemental
pulse is needed . This may be a fast rising puls e to simulate first
m ii aximnum , or a very long high intensity source to simulate second
maximum . The supplemental pul se may be from a revised version of the
thermochem ical react i on system or from a di f ferent source .

11 1.3 Review of Potential Optical Sources for the Second Pulse

An initial review of potential sources for the supplemental

pulse has been conducted. The following candidates were considered :

~~~~~~ od

a) Thermochemical

• Al/02

• Zr/O 2

• Others

b) Shock Radiation

• Cylindrical - in °2 or Air

- in Argon

23
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• Superc m - itica l shocks by seeding a qas with an
optically thi ck mmmed iumn

• Multiple inte racting shocks

• Im m mp l osi o n s

luasi_ Block _ Bo4y

Flash Lamps - Xenon

• Pulsed

• CW

Line Radiation

Lasers

• Pulsed

• Modulated

~jyb rids

For the thermochemical generato r to be succes sfully mod ified , theoretical

invest igation of its performance is required ; this is the main subject

of this effort. A variety of metals may be considered . Zirconium has

a higher flame temperature and , thus , may produce a brighter output

(see Reference 1, page 9 et seg.). Shock radiation, possibl y a by-

product of the ignition sequence ,mnay be a potential source. Seeding of

the shocked medium to increase radiant output is possible.

Flash l amps seem to offer the next great promise in terms of

pulse shaping and brightness. They were selected for further investi-

gation as a back—up to the thermochemical system . Lasers seem unsu it-

ab le in com par i son .

The sources listed above differ in source characterization ,

size and brightness. To assess the desirability of potential sources ,

some consi dera ti ons of opt i cal transm i ss i on to a di stant detec tor were
made for two cases , a hot radiating ball and a small flash source
with optica l enhancement in the propagation direction.

24
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In the first case :

Pdetector

when T is the temperature of an assunmed bla ck body ball of radius r ,

radiating isotropically to a detector at R.

The second case is approximated by a flash source of size

~~~ , at the focus of an =f = 1 parabolic mirror of radius r ’ . The

object size is r ’ + R sin i , when C~~ ~ r
0/ r ’ . For large R this reduces

to

P T4 (
~ \

detector \R /

If we assume that the s i ze of the first f i re ball i s equal to that of
an ~f = 1 para bola then the rela ti ve advan tage is the ratio of the
source temperatures to the fourth power. Since structura l supports are

built i n the f i rs t cas e to app roximatel y the fire ball di mensions , and in

the second to the size of the para bola , an assum pti on of equal cos ts i s
justif ied . A much more detailed cost/benefit analysis will have to be

made eventually, but this first look indicates that a small thermo-

c hem i cal source , a flash lamp or other small so u rce enhanced with opti cs
may be potentially useful. A second result of this calculation is to

indicate the .elat ive worth of optical enhancement with any source.

111.4 Details of Flash Lamp Systems

A brief review of flash lamp systems was made in order to obtain

comparative info rmation for analysis of cost benefit. Typical linea r

or helical quartz tube flash lamp characteristics depend mainly on

excitation energy. Designs of up to im in length and 2 cm in diameter

are standard . Typical noble gas filling pressures range between 0.2

and 1.0 atmosphere , with Xenon , Krypton and Argon be i ng the most commonly

used elements . Water or gas cooling may be provided , or natural air

cooling used if repetition rates are not severe . Typical paramete rs

for large (lm long) flashlamps are color temperature up to 94000K, high

25 
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enmissivity , particularly at longer wavelengths , an d cos ts of about
$300 to $600 in quantity purchase. Such lam ps are app rox imately
50 optical ly efficient , based on e lect r ica l  input , and may be
cycled many thousands of time s if not run near peak output.
Rough cost estimates indicate about $ 1OK per module (in quantity
purchase), i nc lu di n g powe r su pport for a 4000 cal /pulse  opti cal
output.

26

- -  -- - -  -V.-— -- --V. -V. -



r ~~

--

~~

— - -
- - -  -

~~~~~

IV COMPAR ISON OF THEORY TO TE ST DATA - THERMO CHEMICAL GENERATOR

Tim e e H e ~ aL t~ e~’s e t ( c c ~ a)Lg unments ~ v-~ ~~ eba-~-~’ ~ 9i i - ~ t - L ’Ii and
d ed ’eC ’puIe ~m t oJ~C Coflmjxt ’t ed t fi tit ’s CC 5 ct~ ‘‘~~ t est  dc_ ta ( ‘ mm the~wmuc Imem ~ca~‘seac tc cmt  te~ ts - T i me ~ ‘ss t ~~~~~~ ~~ ~~~~~~ £~a ’s~~e e x p ~es ~ t ’e -~ j  ~gmt-Lt e.d
tes t.s 5 (mcc q (’(’d aq ~eememm - t W tim ti me t imee- ’me t~ca-e p ’se d _ t~i n ~ . A -second

~e t  ‘ ,~ smcL L~~ S c a L e  tes t  data -i_s th em: as~ d to con~~ ’un tImI_ s ove ’t a
ran 9 e ~‘ ~

IV. 1 Test Data Taken Prior to March , 1977

In this section we review the salient test data of Reference 1

for comparison to theoretical argument s developed above . We discuss

initially the comparison with the genera l conclusions , then refer to
quantitative comparison of theory with experiment.

From the general conclusions (Section 5, Ref. 1) we note :

a) Fluence scales linearl y with the wei ght of aluminum ,

(all other parameter ratios being held constant) in

ag reement w it h the basic equation for the device .

b) Peak flux scales linearly with the weight of aluminum

implying small var i ation i n the fun damental out put
pulse width over the range of aluminum weights studied .
S i nce the lar ger tests were made up of smaller models
fi red simultaneously, this i s not sur pri sin g. Later
work over a wider range of aluminum weights more clearly
reveale d the w~

”3 dependency of pulse width .

c ) Shock effect proportional to output was noted. The
shock source is postu la te d to be the p r imacor d i g n i t e r .
Si nce this is proportional to output in the modular

scheme used , the results fol low .

d) Fireball radius is found to be proportional to

w here W i s the we ig ht of alum i num pow der . Th i s i s
consistent with a fraction of the fi reball energy

being dissipated in fireball expansion. This fact

is corroborated by the relative radiative efficiency

27
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(‘~1O:-). Modular ity of the test devic es also would

tend to produce the effect.

e) The peak fireball temperature of about 3600°K is

consistent with that of the vaporization temperature

of alumina (A1 2O3) while the temperature at fireball

expansion stabilization (2400°K) is consistent with

the alumina freezing point.

Analysis of fireball data in Reference 1 evolved three empirical

scal ing l aws , for fireball radius at stabilization ,

rf (m) = 2.5 W(Kg ) 1/3

for the time of fireball stabilization ,

tf(s ec ) = W(K g ) 1/3/16

and for fireball radius as a function of time to stabilization

r(m) = 5 (W(Kg ) t(sec))~~
4

An avera ge opt i cal eff i c i ency for the fireball of i03 cal /gmAl was
measured. Eight shots of sizes from 0.5 gm to nearly 15 Kg were used to

calculate these values.

IV. 2 Test Data on Small Scale Shots

Over 100 small scale sho ts of thermochemical reac ti on sys tems
using a variety of configurations have been reported .2 Since the optical

output was detected with a single photodiode and not corrected for fireball

size or temperature effects,only a very limited amount of information can

be drawn from these tests . Since these tests and the previous series

cover a fairly wide range of aluminum weight , investigation of optica l

pulse duration scaling can be made. In addition,since the upper limit

of particle size was specified , search for par ti cle s i ze effec ts may be
made. However , since the part ic le size distr ibut ion is unknown , and

s i nce several di f feren t gra des of powder we re emp loyed , no firm conclu-
sions can be drawn . In any case , about 40 small scale tests using
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explosive ignition were studied for pulse length effects. Of these,

about 1/4 (11/41) were duds and were ignored in the analysis. The

average pulse widths for the remaining tests are plotted on Figure 6
where data f:-ommm 6, 18 and 60 m icron upper li mnit (of 5 gm aluminu m

weight) particle diamimeter tests are indicated sepa rately along with a

typical er ro r .  In addition ,tests at 100 qm we i ght are indicated

individually. Pulse widths from the larger shots perforumed in the

first test sequence are plotted also. Despite considerable data scatter

the genera l W 113 trend seemm is well verified . The data scatter may be

due to the variety of a lu :mminummm powders and other experimenta l variables

or to the Jack of instrument correct ions.

Investigation of the balance between the fundamental expansion

time of the fireball with the ignition and burning times of the particles ,

and of the optical thickness of the fireball indicate allowed regions of

reaction parameters . As an example of this analysis consider the interplay

of particle ignition plus burn with fireball expansion to peak Output

(at 3000°K). From Appendix A we derive on general grounds (Eq. L)

t~ (sec) = 0.0063 (W(kg))~~
3

and that the particle igni tion time is given by, Eq. U ,

t~ (sec) = 2.5 x iü~
6 (a ( ) ) 2

while burning time is given as , Eq. V ,

(sec ) 0.0002 a( p)  - .0004

Equating the numerica l value of the expressions for ignition plus

burnin g with expans ion to pea k output yields the constraint equation

= (2.52 x ~~ (W (k g ))~~
3 

+ 1760)1/2 - 40

This formula is evaluated in Table 3.

29



r V.- - V . - -

~~~~~

- -V.--- -V--- - V.

~~~

--

~~~~~~~ 
— - -  —

_, ••
-

—-4 S

•
C)

S

• C

E

4-
0

C• .2
— -4-’

C-)
C_J
LU

SUNOJ3S ~ IV 3d)O/O = -

30

~~~~~~~~~~V. - -  - -  ~~~~~~~~~~~~~ -

. 

— V-- - -  



F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~VV ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Table 3

Eva lua t ion  of the Constraint that Particles
Must Ignite and Burn in the Characteristic

Expansion Time of the Fireball

— 
L~(kg) a(,t)

O 2 .0 -

0.0001 3.3
0.001 4.9
0.01 8.0
0.1 14.0
1 .0 25.0

10 .0 45.0
100.00 76.0

Likewise another constraint equation can be derived by requiring that

the fireball radius at stabilization be one mean free path thick or:

R0 
=

Using equations derived in the Appendix we obtain

a(~ ) = 23(W(kg))~~
3

These two constraints are indicated on Figure 7 along with specific

points indicating parametric location of tests conducted to date.

Tests far from the criteria tended to have l ower efficiency than those

on or nea r the criteria. Tests where the characte ristic time for

fireball expansion is much less than that required for ignition and

burning tended to be less eff ic ient than one might expect. In the

extreme opposite case the tests also show reduced radiation efficiency .

This may be due to the fact that more rapid ignit ion and burning drives
the expansion and decreases radiation eff ic iency .

IV.3 Additional Test Data

The most recent series of tests performed by J. Dishon (Refer-

ence 2) have consis ted mostly of shots using a configuration of pre-mixed

aluminum with oxygen . This set-up is also capable of injecting addi-

tional aluminum into an ignited fireball.
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Irs the case of the pm -c -mixed systemn an optically thin mixture

is desirable for longer pulse duration and the opposite is true for a

shorter pulse. In t h e  case of an optically thinner mixture , higher

optical efficiency is anticipated due to the more effective radiation

from within. In opt i cally thicker immixtures expansion competes wi th
,V. adia tion lowering optical efficiency. Table 4 summarizes the quali-

tative features of several test configurations and indicates the

expected scaling laws. References 5 and 6 summarize NBDS data obtained
in these tests.

Table 5 reports scaled fluence as a function of oxygen to

aluminum ratio and particle size for metered flow conditions (System C

of reference 2). This illustrates the data trends to decreasing

efficiency with particle size. These data indicate averaqe fluences of

2000 to 3000 cal/gm are attainable.
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Table 5

Scaled Total Fluence Outputs of Various Laboratory-Scale TRS Designs

Scaled Total Fluence Mixing 02/Al Al Particle
(cal/gm ) Technique Size (,

~
)

3354 C 7.8 6

3200 C 7.8 18

2274 C 5.1 6

2081 C 5.1 18

1767 C 5.1 60

1500 C 7.8 60
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V SUMMARY AND RECOMMENDATIONS

While a detailed theory concerning thermochemical reactions

(TCRs) is not available at the present time , the basi c l aws of physics

seem to be sufficient to explain the gross observables such as time to

fi reball stabilization , stabilization radius , expansi on energies and

energy radiated as a therma l pulse. For many applicati ons of TCR5 ,

this level of information is sufficient.

For the present problem , h owever , more detail is necessary .

- 
The tim sie history of the therma l pulse and its spectrum must be predict-

able at least to a point where the variables of fuel type , fuel-
oxygen mix , initial fuel charge and fuel feed rate can be approximately

determi ned before a test series is begun. It is felt , a t th i s t ime ,
tha t this level of detail will be achievabl e with a more refined theory ,

possibly including a computer model for fireball development , and data

which should soon be available if testing is continued.

At the conclusion of this investigation the following statements

summa r i ze the s tate of knowle dge concern i ng lar ge scale o pt i cal flas h

sour ces :

1) Nuclear waveforms are not directly simulated by any other

source. Their unique two peaked shape (time spectra ) and

i ntensity of output are responsibl e for this.

2) The three most promising sources of optical flash appear to

be the SAl developed thermochemical generator (although not

necessar ily using aluminum solely), a high intensity f lash
lamp bank , and shock heated air or argon.

3) In order to create the double peaked time spectra two

sourc es , fired in rapid succession , will be required. Each

source will have different properties to properly simulate

the first and second maxima .
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~) In order to bring peak flux , fluence and rise time at a
distant detector into the pm - p r  yield relationshi p,con-
siderable “tailoring ’ c -f rh ” sources is required. A fi rst

order calculation of thi ~ffec~ of source size indicated

that the use of refle te ;Jdr l e l s to augment a small source

nay be as effective as creating a larg e source . A more

detailed cost/benefit t radeoff study n i ll be required.

Freeing the source size (to first order) in design may allow

more readily attainable pulse pa rameters .

5) Concerning the SAT developed thermochemi cal optical pulse

generation technique itself , we have verified that the

prima -cord is both the probable ignition source, and the

cause of most of the shock output. Reduction in prima-cord

loa ding may prove advantageous. The chemical reaction is

ignited above 2400°K (the melting point of A1 2O3) and burns
initially at 3600°K decaying to 2400°K at about 100 msec.
At this point , the fi reball is wel l stabilized and optical

radiation is relativel y unimportant to growth dynamics. The
energy budget calcula tion at this stage of development shows

that of the initial energy , 20 percent goes to fireball expan-

s ion , 70 percent to residual fireball sensible heat , and 10

percent to radiation.

6) The fi reball density of both dust and gas are calculated

as a function of time . At stabilization the fi reball gas

density is about 10 percent of normal atmospheric density

and the dust loading is 10 percent of gas density .

For the tests conducted prior to 1 March 1977, the fireball

is always optically dense , but decreas i ngly so as i t evolves .
At stabilization it is three mean paths in diameter.
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The radiative coolin g rate calculated on the basis of a
uniform imly heated sphere is consistent wi th imme a surerm e nt.
Sonic additional cooling due to convect ive ef fects seems
to be present.

7 ) The sing le theory proposed has been found to agree quite
well  w i th  the results of a much l a r ger data base than
that provided by the fireball tests run by SAl so far;

that of the fireballs produced by rocket propellants.

The accompanying figures (5 and 6 from Reference 5)

reproduce some data on propellant fireballs and incl ude

points for some of the smaller SAl thermochemi cal

reactions (fuel weights < 5 pounds in Figure 5
and - 50 pounds in Fi gure 6). The points are very

close to the line extrapolated from previous data in

the first case while in the second the slope of the

line for the thermochemical reactions is about the same

as that for the rocket fuel case. Since the rocket

fuel sta bi li zes at a lower tempera ture th an the flumi num
used in the SAl tests the intercept differences are expected .

8) At this time it appears possible to do sonic thermal pulse

shaping by controlled injection of a metal powder fuel

into the fi reball after initiation . The paucity of data

on such reactions has precluded a theoretical prediction

of the effec ts suc h a p rocedure mig ht p roduce however .
It would therefore appear to be advantageous to design

and test such a device .

g) Scalin g l aws evolved in the text hold to within a factor

of two ove r a renion 0.5 to 20,000 gm of aluminum. The

pulse duration for an explosively innited device is pre-

dictable from the sca lin ci l aws . Duration s of the order

of 100 msec seem feasible. Additional scaling l aws based

on ignition of premi xed alurninum -oxy cien systems indicate

higher radiant efficiencies and lonner burninn times are

probable. Conside rable ta il orin o of pulse duration seems

possi ble.
38
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10) Continued work is required to finalize these conclusions ,

as is noted above i n  the a rea of improved nuclear wave-

form and triggering requirements for NBDS . More detailed

review of the time history of the multi p le thermochemical

tests data is required , and a thorough review of the

small scale test is warranted . Completion of a detailed

source augmentation cost/benefit study should be accom-

plished . A detailed thermochemical reaction calculation

including collective effects should be performed. Other

particle types (magnesium is a prime candidate) ought to

be considered.

11) The develop rm ient of an effective and inexpensive NBDS

s immmu la t ion  is now within the range of technical feasi-

bility . Design equations and scaling laws have been

developed in this report for thermochemi cal reactions

based on alum isi num and oxygen fuels. These coupled with

the NBDS trigger equirem nents allow prediction of thermo-

chemical optical pulse generators paranmeters that sinsu-

late nuclear weapon output. A detailed study of the

thern iochem nical reaction process leading to optical pulse

output is given in the appendix.
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APPENDIX A

A. THEORETI CAL ANALYSI S OF THERMOCHEMI CAL FLA SH GENERATION
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A .l Overall Models

In gener al, the theoretical knowledge to completely specify

the phenomenon of thermochemical flash generation via the SAl-developed

optical flash unit is imperfect. Considerable data exist , but

the re i s not yet a coheren t theoret ic al base to su ppor t future deve l-
opment of specific tailored pulse output devices. It is the purpose

of this section to describe theoretical models of thermochemical flash

generators . Two model s w i ll be dev elo ped . The f i rs t i s a general
model of fi reball development that will be useful for scaling. The

second type treats each speci f ic  phase of the fi reball development in
detail and forms the basis of a detailed model of the fireball thermo-

dynamic development. The second model miiay be useful for detailed

tailori ng of the output features of flash generators .

The fundamental chenmical reaction of burning aluminum is:

2 Al + ~ 02-..A1203 
+ 7400 cal/gm al

Some of the physical properties of Al and Al 203 are contained

in Table A-i .
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Tab le A-i

PHYSICAL PROPERTIES

Tetmmperat u~~~~ La ten t Hea t
Melting ~~jig~ Fus i on Vapori zat ion Dens ity

Al 932°K 2740°K 94 cal/gm 2619 cal/gm 2.70

Al 203 2318°K 380001< 244 cal/gm -- 3.99

Single aluminum particle ignition temperatures in air are measured to

be about 2300°K, approximately the melting point of alumi na (A1 203).

Some controversy exists as to whether the reaction will proceed at

lower temperatures in dust clouds due to cooperative effects.

The general fireball model starts from basic physical princi-

ples to develop the thermodynamic relations for fireball size , dura-
tion and growth. Assume that W kilograms of fuel are available , and

at t = 0 are ignited. The thermochemical reaction is initiated at the

melting point of A1 2O3 
(o-2300°K), when the elemen tal a l u m i num i s free

to react with the oxygen , and rapidly progresses to the vaporization

temoerature of A1 2O 3 L3800°K). The reaction products are assumed to
be gaseous regardless of the initial state of the fuel and to remain
so , obeying the ideal gas law , un til cloud stabilization. In an uncon—

fi ned system , we can take the p ressure  on the gas to be cons tan t a t p0.
atmospheri c pressure , so that the gas law takes the form of

V f - 

V i

NfTf N
~
T
~

or
N T

N 

V f =~~-~ ~~~~~ Vi (A)

where ~~~~~ is the molar ratio of the gaseous product to the gaseous re-
i Tf

actan t (i.e., 1 mole of A1 2O3 to 1.5 moles of 02
) and ~~

— i s the ra t io

of the final gas temperature to the initial gas temilperature (29O0K).
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The in i t ia l  gas volu nme can be deternm ined by noting that 0.88 graums of
02 coimib i ne with each gram of Al to produce A1 203, and that at standard

temperature and pressure 32 gram ims of 02~ 
in a pure gas form , has a

volu imme of 22.4 l i ters .

We then find that , in MKS units ,

V 1 
= .616 W

where W is the weight of the aluminum.

So that

V f 
= 1. 42 x l 0~~ Tf W

and

rf 
= .070 Tf~~

3 W1’3 = C T f~~
3 W ”3 ( B )

= .937 at T f 
= 2400°K

Support for this simple model conies from High , who rev i ewe d
data for about 60 fireball radii produced by rocket propellant igni-

tions over a range from 1 Kg to almost io6 Kg. He found*

rf(m) 
= 1.16 W032 at Tf 

= 24000K

(see Fi gure A-I taken from Reference 7). The constant of proport i onality
is , of course , fuel dependent which may explain the difference between
the two results.

The simple model can also predict fi reball durations if we

assume that the optical out put versus t ime i s trian gular , and def ine
the duration as the time between half power po i nts . Then the rela ti on-
shi p between opt ical out put (Q), peak radia nt flux per un i t area (Q),
area (A) ,  and time duration ( t )  is:

Q = Q A T = dW (C)

where d is the optical output per unit weight of Al (in ca l / Kg) .

*With i n the error of the f i gure and when expressed in MKS units

43

-— -- V. - -- - - -- V.—— -V . - --- - - - - — — - V . _- - - - - _ - — -~~~~~~~~~~~~~ -—--- - - - -~~~~~~~~~~~~



- - V - - V . — ---

- 

1 
_ _- 0 .320 ~ — -

io 3 
_ V .  •V. V. 0 = 9 ,8 2 W  _

\

V.V.

£ 
\

~~~~~~~~~~~~~~~~~~~~~~
\

5ot t rn ~~~

~ io? r J s h~
0

0 RP - 1/ LOX
~ 

8 
~~ L4 2/ L0X

101 - - - SW - 1/LH2/LOX
£ uo .H/N 2H4/n2 04

— 

101 ~o2 io 3 io4 10~ iØ~’
Total ,~rupem lant ~~~i h t , po~r’ds

Figure A-I . Fireball Diameters for Various Weights and
Types of Propellants .

100 —_____ ______

10 V. V.V.  V. _ _-

1 ~~~~~~~~~~-- 
---- -~~~~~~~ ~~~~~~~~~

- 

~~~~~~~~~~~~~~ --- -~~~~~~~~~~~-~~~~~~~~~ 
{__

.~~~ R~’ I - Duration O .232w 0 3 2°
L ~~~~~~~

0 RP -1/L OX
.1 _______ _______ ~~~~~~~~~~ — —--—----- ~~ LH~ /LOX

• RP-1/1H2,/LOx

A UDMH/N
2

H
4/N204

.ol —V.— —------ —— _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

1 ~cs ’ 10~ io6 io~

TotaS propeflant weight , pounds

Figure A -2. Firebal l Duration for Various Weights
and Types of Propellants .

44

-- V. -V .~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-V -V .-

Peak flux per unit area (assuming radiation dominates) is given by:

Q = — E(T f
4-T 4) (D)

where

a = 1. 36 x io 8 cal/m im 2 sec

and E = fireball emissivity .

Then from Equations C and B, we find

1/3
= - 

(W (E)
4 -~EC

2 (T~~-Ti )Tf 
1~

C being .070 from Equation B , and that

t = dW~~ (F)

In evaluation , t , C , and possibly E may be functions of Tf in addi-

tion to the explicit Tf dependency shown . This in essence indicates

that t , the fireball duration , will be a function of the cube root

of the weight of fuel. Reference 5 again provides data on time

duration. Using the value of 2400°K for T f as a suitable average

for the test conditions under which data was taken, and a value for

of io6 
c a l/ K g  and E = 1 as representative of the fireball emissivity

for these fuels and C as indicated above , we thus obtain

t (sec) = 0.201 W(Kg ) 1/3 (G)

while High finds that , for rocket fuels with TF 
= 1800

t(sec) = 0.180 W(Kg ) 0.32

for a series of about 60 fireball tests. Figure A-2 illustrates his

results from empirical data fitting. Table A-2 g i ves v a l u e s  of the
coefficient d and the final temperature for the aluminum fuel case.

The final stage of development of the model is to convert

from a s ta t ic  to a time dependent or growth model - This is accom-
plished by dimensional analysis. The expression for the time dus-a-

t ion , Eq. G is also true for any instant of time , where W is changed
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Table A-2

Eva luation of

t(sec ) = d W (Kg) 1/3

As a Func ti on of Final Tempera ture

d 
Tf (°K)

0. 0302 3600
0.201 2400

0.470 2000

0. 769 1800
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to the fuel consumed up to time t. The general equatio n for fireball
radius growth is then a function of fuel weight and time

= f(W ,t)

If we

r = 1~~~t-~

and use equations B and E and keep T constant then

= - d W ~ 
+ /3)

impl ying + ~/3 1/3

While this defines a set - - .,  ~) for which the equation ma~ be valid ,

the si m plest member of the set with non-zero positive values will be

taken , so that

= = 1/4

and r = (W t )
1”4 (H)

with = C/d

No data from reactions other than the Al 203 system were ava i la b le
to test this model . The agreement between the growth model values

rf(m) = 2.6 (W(Kg)t(sec))”~ Tf 
= 36000 K

rf(m) = 1.4 (W(K g ) t (sec)) ~~
4, Tf 

= 24000 K

and the data is acceptab le.

A.2 Detailed Fireball Development Model

Bas ically, the Flashbulb reaction has two distinct phases:

the prima-cord detonation phase , and the Al /U 2 reac tion phase. At

t = 0 the prima-cord is ignited , sending a shock wave through the

alum inum powder tube, the °2 bag and into air in the matter of about

1 msec. rhe shock heated and dispersed powder is accelerated in the
outward flow field and immediately encounters shock heated 02. The

outer edge of the expandin g dust l ayer is ignited by this. The core
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area may ignite also due to the residual hot products of the prima -
cord. In any case the dust layer is optically thick and the surface

radiation is as from a black body . By t = 1 msec the glowing dust

layer is visible in high speed photography . The layer expands due to

drag in the outward flow of shocked air , and due to thermodynamic

expansion. R a d i a l  s t a b i l i z a t i o n  occurs because of the consumption of 02
within the fireball. Specific calculations of the fol l owing effects

were attempted:

• Prima-cord shock trajectory

• Prima-cord shock velocity

• Shock overpressure

• Shocked air temperature
• Fireball trajectory

• Fireball density

• Optical thickness in the Fireball

• Thermodynamic expansion

• Radial stabilization , cool i ng

A.3 Shock Model

For the shock trajectory we used the results of Jones, Goyer

an d Ploos ter8, who show that for a 25 grain prima-co rd the shock

trajectory , t(r), can be written as

t(r) 1.27 [(1 + 5.67 x 1O~~ r
2)~~

2 
- 1] msec

where r in cm is the radius of the shock front at time t.

Jones et al., give a formula for the overpressure correct in

the weak shock limit as :

= 4 2 3/8 psi
(1 + 5.8 . i0~ r ) -1

We also used the approximate formula
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2
= 1.166 M 1 

- 0.166

for the pressure ratio across a strong shock in air , when I ll is the

Mach number in the undisturbed region ahead of the shock. Generall y,

these agreed fairly well.

The temperature ratio of shocked to undisturbed air was

estimated as

— 21, 2
— - ‘1

This is strictly valid only for strong shocks (M1 large) and indicate s
that the shock wave is sufficient to i gnite the Al ,02 mi xture .

Fireball Parameters (radius as a function of time )

The fireball trajectory was obtained empirically by measure—

mii ent from high speed photography of several Flashbulb shots . As

explained in A. 1 , these agreed with the simple gas expansion model.

Fireball density was calculated assuming isotropic dust distribu-

tion . Reference 1 da ta for a var i ety of shots a l l o w s a formula t i on
of radius of fireball vs. time to be made and is used directly here.

From this , fi reball dust density and optical thickness can be

found.

Fireball gas density is estimated from the perfect gas laws

given the measured fireball temperature.

The comparison of the detailed quantitative results of Refer- 
V.

ence 1 will now be made. The first general area to be covered will be

radiative energy transfer. The relationship for fireball stabilized

size

R0(m) 
= 2.5 (W(kg))~~

3 (J)

and fireball growth

V. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~- 
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=

R(r m m ) = 5 (W(kg)t(sec))~~
4 (K)

as determined in Reference 1 are found to be in agreement with the

overall mnodel fos- fireball development derived in Section (A.1).

Giverm the V. e ia tionship of fireball radius to aluminum weight

and tim mi e after ignitio n , the fireball density and optical thick-
ness will now be determined. The above equations imply tha t the time

of fireball radial stabilization is

t0(seconds ) 
= O.0625(W (kg))~~

3 (L)

and the density of the fireball gas, fireball dust and the fireball

optical thickness can be calculated .

The fireball gas density is given by the ideal gas law - using

the stabilization temperature of 2400°K

0gas 
= .157 mg/cc , at fi reball radia l stability

~gas 
= .100 mg/cc at 3600°K at the peak power po i nt

The average dust density at fireball radial stabilization (assuming homo-
geneous mixing) is given by

= 
r-lass of Alum i num

dust Volume of F i reball

~dust 
= _____  = 

1 Kg
3 ~ 

= 0.015 mg/cc at stabilization
-~rrR0 -~n (2.5) m

~ / c = 0.1 at stabi l izat iondust gas

The dust density as a function of t ime can be found by application of the
fi reball growth equation rather than using the radius at stabilization .

The more general equation is then
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(t )  O.OOl9 !W (k g ) ~ 
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The optical thickness is calculated from the number ‘lensity per cubic cm.,

N , and the optical cross section a, t hus

optical 
= 

N - -

using the number density de finition , the average dust density is defi ned H
as ,

e dust 
= Nx, al x (-~rra

when a is the average particle radius , and al i s the densit y of soli d

aluminu m. Thus ,
14 31p~~~~ a )

Thpti cal 
~dust~

where a is the pa r t i c l e  rad i us i n cm .

2.7 
~!!1 x 

~iTa 3cm 3 
x ~~ p/cm

~optica l = 

3 1 4.OO l 9x lO W / 
(~~ 3) 

2-na 2 cm2

~(m) =0.94 a(n )~t(sec)~ 
3/4~w(kg)~~~~4

s~ =0.94mfor a lp , t lsec .

= 5.70 m for a = 6p, t = lsec

The fol l owi ng table (TableA-3) indicates the values of fireball

size , dust densi ty and opti cal th ickness  as a func ti on of t i me for 1 Kg,
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aluminu m m i dust of 3 micron radi us particle size. The cloud is assumed to

be at 3600°K to a f ter  io 2 seconds , and 2300°K for i0 2 secon ds an d

later. Reference to the table will show tha t the fireball is always

optically thick. For exanmple , it is 12 mean fm- ce paths thick at 0.1
seconds well after all significant optical output has ceased . An

expression for the ratio of the fireb all radius to optical thickness

can be derived from the genera l formula above . The optical thickness
at stability is

Q
0 ( m )  = 0.12 a( - )

independent of weight of aluminum .

The ratio of fireball radi us to optical thickness at stabili-

zation is given by
R0 - 21.3(W(kg))113

a(~ )

Table A-4 shows the results of the evaluation of this formula for a variety
of particle sizes and aluminum weights . These tables indicate that

under the test conditions of Reference 1 ( a = 3.- W > 500gm ) the
fireball is of sufficient optica l thickness for good radiation efficiency .

A.5 Fireball Expansion

The second major energy loss mechanism to be studied is that of

fireball expansion . The firebal l expands because the rate of energy

generation exceeds the ability of the surface to radiate. Thus the fire-

ball ex pands , absorbing energy in thermodynamic work , and increasing the

surface to allow more radiation. Stabilization is reached when the rate

of generation and loss equalize . The fireball radius is given by equa-

tions J and K. The energy absorbed in expansion after initiation is

g i ven , i n general , by

Ee ( t )  = p0 
(V f (t ) - V

~
) (M)

“~ p0 V f ( t )
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where p0 
= locul u cimm ospheric pressure and V f is the fireball volume at

t ime  t. Thus the total energy consumed in expansion to radial stabiliza-

tion volum ime V0 is

Eeo = p0V0 1.57 x ~~ cal/gmA Q (p4 )

The expansion energy as a function of time is given by

Ee(cal) 
= 1 .26 x 10’ ~W(k g ) t (se c )~ 

3/4 (0)

and the power absorbed in expansion is given by

P (cal /sec) = 
~~~~~~~~ w(kg) (P)

e 1/4t (sec)

while the power loss per unit area is given as

P (ca l/ cm 2 sec ) = 
3.01 (W (kg))~~

’4 (Q)
e 3/ ~(t (s ec ) )  “

The power loss due to expansion is given in Table A-S for various

times and aluminum weights. Since 
~r 

the radiative power per

unit area (assuming a black body and unit emissivity ) is given by

4P = o T (R)

12 4with c = 1.36 x l0 cal / cm ’sec K

the growth time to the point when radiation and expansion losses (R and Q)

equal i ze i s

tB ( )  (W(k g )) V3 (5)
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A final calculation can be m ade of the rate of consumption of

the aluminum fuel . The output rate is made up of radiative and expan-

sion losses together nmust equal that of fuel consumption. From

= 

~ r 
+ Ôe 

=

where is the effective value of the fuel (~3106 cal/kg) and tr is the

net consumption time constant. Then , using Eqs. P and D with the

area of the fireball surface , we have

= 4- -T 4(5W~~
4t~~

4)2 + 9.45 x io6 ~
314

I = 231(~)~~~ + 3~Q4(~~)hI4 at T = 3600°K

Ta b le A- 6 li sts value s of tr at peak output for various aluminum weights.

Also shown is the particle radius a that has the same ignition and

burning time , and the rate of consumption of the fuel W = W/tr~

Table A -6

Results of Aluminum Consumption Calculat ion

W tr a W
kg sec kg/sec

0.001 0.004 13 0. 25
0.01 0.008 22 1. 25
0 .1 0.018 35 5.60
1.0 O.C4O 55 25.00

10.0 0.080 80 125.00

Th i s par ti cle rad i us is therefore di fferent from tha t shown i n Ta b le 3
which was determi ned by the time to fireball peak output rather than the
longe r time for all radiation output used here .
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The thermodynamic expansion of the fireball is calculated
v i a  the formula

V f
W th=f pdv = 

~atmos (V f — v~
)

vi
for the case of expansion of a gas cloud in the at m osphere .

The cooling rate of the fireball is determined by the
equation for the rate of energy loss:

ir n c  = aET4 4ir r2
3 p d ~

as show n in equation (3),  page 14 , of Reference 2 which yields

dT 
= 

3c ET4 (T)
dt rPc~

where p and c are the density and the specific heat at constant
pressure for the fi reball. The cooling rate of a spherical shell
would be of similar form but w it h no h r  dependency .

The f inal calcula ti on that will be made here i s of the cool ing
ra te of the fi re ba l l  us i ng Eq T.

dT 
= _ _ _ _

dt r~c~

using: a = 1.36 x io~~
2 

2
cal

cm sec 0 K

E 1
6 ca l/ mole -0K

and Dfire bal l = 0 4
~”i t r  at 2300°K

we find ~~~~~ 
= 15000 ~~~~~~~ at T = 2300°K

A value o f about 20000°K/sec at 23000K for f i reball coo li ng was observe d.
Convective or turbulent heating of the air , test objects and the ground
surface  could account for the additional cooling.

- 
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A .6 Energy Balance

Calculation via energy balance of the total energy radiated
per gram of alum iminum consumed , up until the stabilization radius is
achieved at ?400°K , can now be made. From conservation of energy
we find that E 1 the energy l iberated is

= C a1 Ma~ AT + Cair Mair .T + Lal Mal - Lal 2o 3xM al 2o 3
+ Ee + E r

where the f irst two terms result f rom the speci f ic heat contributions
of the aluminum and free air in the fireball , the next two result
frommi the latent heat of fusion of the aluminum and A1 203 (the last
latent heat is l iberated as the A1

2
03 fuses and hence is negative)

an d the l ast two terms re p resen t the ener gy los t i n  expansion of the

i reball and in radiation .

The fi rst term is s i mp ly
Cai  Mal ~T = .27 ca l/ gm oK x lgm x 2110 °K = 570 cal

For the second , we note that the mass of air at 2400°K
f i l l s  a volume of

V 2 = 4/i R~
3

while from the idea l gas law its original volume was

V 1 = V 2 T~/T 2 = 4/3 ~ R~
3 
~~~~ 

= 8.54 x l0 3m~

or .353 moles of air so that , using a molar specif ic heat we find

Cain Mair  ~T = 6 ca l/ mole °K x .353 moles x 2110°k = 4470 cal.
The third term is jus t the latent heat of fusion of one gram of alum-
m u m  or 94ca l and for the fourth we use the latent heat of fusion of
Al 203 (244 cal/gm ) and the fact that one gram of Al produces
1.88 gm Al 2 0

3 so that this term is

- Lab 11a b o  = -244 cal/ gm x 1.88 gm = -459 cal
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The fifth ter imm is obtained fronm the previous equation for Ee
Ee = 1.26 x ~~ [wt ] 3’4

wi th  W = 
~~~ Kg and t = to the s tab i l iza t ion time = .0625 so that

Ee = 1575 cal

Thus using the previous value of E1 (7400 cal/ gm ) we find

7400 = 570 + 4470÷ 94 - 459 + 1575 + ER

or ER 1150 cal/gm

Considering that this approach has used average values for the

tem imperature (and phase) dependent specific heats and has assumed any

p rocesses occu rri n g a bove 2400°K are reversed without loss of energy ,

this value is in very good agreement with the observed value of approx—

imagely 1100 cal/gm .

A.7  Dust Explosion or Fire

The final areas of interest are those of the burning rate

temperature and dust flame propagation in aluminum/oxygen mixtures .
References 9and lO describe a ser ies of ex per i men ts on aluminum particle
thermodynamics. This discussion will cover three aspects ; single

particle ignition and burning , particle accretion , and dust ignition

both in def lagrat ion and detonation modes.

The ignition temperature of the single aluminum particle depends

on the partial pressure of oxygen varying from about 2300°K at air at

1 atmosphere (Po 2 = 0.16) to abou t 2150°K at Po 2 = 1.0. Ignition temper-
atures of single car bon , and magnesium particles, var y as 1/n but  a lum i num
does no t appea r to be r depen den t. Due to general heat t ransfe r ar guments ,

i gn iti on ti mes for  a l l  par ti cles shoul d vary as r2. Burning life-times

va ry as r2 due to the cenosphere type of burning (diffusion through

Al 203 shell) and vary inversely with the oxygen diffusion coefficient.
This in turn is l inearly proportional to oxygen partial pressure .
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Figure A-3 (taken fromm i reference 9) shows data on aluminum

p a r t i c l e  ign i t ion  tim i mes . From m m this data a general equation for the

ignition time can be extracted:

t~ (sec)  = 2. 5 X iQ 6 (a( )) 2 (U)

Burning timmmes in infinite excess oxygen can be estima ted from limited

data as

tB(se c) 
- - -[0.0002 a(;i) - .0004] (V)

Burntime approximately doubles at 50. excess oxygen. Table A-7 g i ves
some data from the literature.

Al though not completely verified , the general features of

cenospheric part ic le burning appear to be va l id  for the case of aluminum
in air . Figure A-4 (taken from reference 9) i l lustrates the features of
interest. Diffusion of gaseous aluminum to the combustion zone through

the porous alumina shel l proceeds until the aluminum is consumed .

Figure A-5 (taken from reference 9) plots the i gnition and burning condi —

t ions as a function of part ial pressure .

When a collection of particles (a dust cloud) is considered there

are coope rative effects that may take place. The ignition temperature

of dust clouds gene rally varies as 1/~ at least in the range of 1/10

air density . This may be due to several effects: Brownian motion ,

turbulent density fl uctuations, and accretion. The overall tendency

would be to produce larger particles and of higher loca l density which

may be easier to ignite .

Particle burning lifetime is extended in a dust cloud. While

theory shows that an exact stoichiometric ratio yields an infinite

burning time , a stoichiomet nic ratio of 1.1 (oxygen excess) lengthens

burning by nearly 4 times over a single part ic le case.  During burning
the oxygen partial pressure is reduced and this effect l engthens the

burn .
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The formulae  descr ibi n g a l l  these phenomenon are com p l i ca ted bu t
tractable. They will not be repeated here but are given in References
8 , 9 and 10.

Dust cloud ignition beads to deflagrat i on (flame ) or detonation
(shock). In deflagration the burning velocities are of the order of 1
up to 1 ,000 m/sec, while detonation proceeds at 2000 to 6000 m/sec , and
are accompanied by shocks. The various dependencies described are
tabulated in TableA-8. Various types of particles may be considered.
For exam p le , magnesium burns in about one-half the time of aluminum .
Both carbon and magnesium have considerably l ower ignition temperatures.
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Table A-8. Parametric Variations of Particle Thermodynami c Variables

- 
Single Particle Dust Cloud

02 Partial Particle Cloud Stoic .
Pressure Radius Density Ratio

p r 6 S

Ignition 1~ 11A 1Temp . T~ P~~ r j N/A

Ign i ti on - 2
Time t1 LBI r N/A N/A

Burn -1 2T ime tb r N/A —lns

A ) Verif ied for carbon and magnesium.

B ) Depends on therma l conductivity of gas and T
~
.
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